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Abstract: Aortic valve calcification is an important cardiovascular disorder that deteriorates the
accurate functioning of the valve leaflets. The increasing stiffness due to the calcification prevents
the complete closure of the valve and therefore leads to significant hemodynamic alterations. Com-
putational fluid dynamics (CFD) modeling enables the investigation of the entire flow domain by
processing medical images from aortic valve patients. In this study, we computationally modeled
and simulated a 3D aortic valve using patient-specific dimensions of the aortic root and aortic sinus.
Leaflet stiffness is deteriorated in aortic valve disease due to calcification. In order to investigate
the influence of leaflet calcification on flow dynamics, three different leaflet-stiffness values were
considered for healthy, mildly calcified, and severely calcified leaflets. Time-dependent CFD results
were used for applying the Lagrangian coherent structures (LCS) technique by performing finite-
time Lyapunov exponent (FTLE) computations along with Lagrangian particle residence time (PRT)
analysis to identify unique vortex structures at the front and backside of the leaflets. Obtained results
indicated that the peak flow velocity at the valve orifice increased with the calcification rate. For
the healthy aortic valve, a low-pressure field was observed at the leaflet tips. This low-pressure
field gradually expanded through the entire aortic sinus as the calcification level increased. FTLE
field plots of the healthy and calcified valves showed a variety of differences in terms of flow struc-
tures. When the number of fluid particles in the healthy valve model was taken as reference, 1.59
and 1.74 times more particles accumulated in the mildly and severely calcified valves, respectively,
indicating that the calcified valves were not sufficiently opened to allow normal mass flow rates.

Keywords: Lagrangian coherent structures; aortic valve; calcification; hemodynamics; finite-time
Lyapunov exponent; particle residence time; fluid–structure interaction

1. Introduction

Aortic valves are highly dynamic structures in the cardiovascular system that sys-
tematically open and close about 3 billion times during the lifetime of a healthy adult [1].
The aortic valve is composed of three half-moon-shaped leaflets, which open during the
left ventricle contraction to provide blood supply to the aorta and immediately close to
prevent any backflow after the blood ejection. Accurate functioning of these aortic valves
is critically essential for the health of the cardiovascular system. Congenital defects and
progression of valve diseases prevent the accurate functioning of the leaflets [2]. Leaflet
calcification is one of these diseases, in which the leaflet stiffness increases beyond the
normal values, and complete valve closure is not observed during the cardiac cycle. The
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functional deterioration of the aortic leaflets leads to significant hemodynamic alterations,
especially around the valvular region. However, clinically monitoring these hemodynamic
changes within the entire valve geometry is a challenge for clinicians.

Computational fluid dynamics (CFD) provide an opportunity to numerically model
the problem domain and obtain accurate hemodynamic measures for quantifying the
complex flow dynamics and associated biomechanical environment developed due to
the initiation and progression of the valve disease [3]. In the literature, two-dimensional
(2D) [4,5] and three-dimensional (3D) [6,7] geometric models are used for determining
the flow dynamics and pressures in the aortic valves. The strong fluid–solid interaction
(FSI) between the blood and the leaflets is an integral part of the modeling because the
deformations in the solid and fluid domains counter-interactively affect each other [8,9]. In
several studies, numerical analyses were performed to determine the optimum prosthetic
aortic valve design in case of a valve replacement [10–13]. Patient-specific aortic valve
models were also generated to provide detailed information to clinicians in the decision-
making stage, to clarify whether the case necessitated a replacement or not [8,14,15].

In FSI studies, mechanical stresses and wall shear stresses (WSS) on the leaflets are
analyzed in order to capture the increase in the stresses depending on the calcific deposits
and calcification growth rate [9,16]. In the numerical analysis of the leaflets, flow-induced
WSS on the ventricularis surface (i.e., the leaflet surface neighboring to the left ventricle) is
observed to be higher compared to the fibrosa surface (i.e., the leaflet surface neighboring
to the aorta). This WSS difference between the two sides of the leaflet is considered to be re-
lated to the progression of the disease, as the spatially complex low WSS field on the fibrosa
side promotes further calcification [17]. In several studies, the hemodynamic changes in the
case of bicuspid valve formation were compared to the healthy tricuspid valve flow [18–20].
The leaflet asymmetry [21–23], strain concentration [3], principal stresses on the leaflets [24],
effect of aortic sinus geometry on the hemodynamics [25], and mechanobiological stud-
ies [26–29] are the other fields of numerical investigations for aortic valves.

Most of the computational studies employed the finite element method to solve the
governing fluid dynamics equations by utilizing the Eulerian approach. In this approach,
specific spatial points in the fluid domain are the main focus of the investigation within the
given time points, rather than elucidating the selected flowing particles through the entire
domain of interest. The Eulerian approach used in fluid mechanics may be insufficient for
an in-depth study of the fluid flow, especially for identifying unique flow regions. On the
other hand, the Lagrangian method can characterize many aspects of the fluid flow, such as
identifying recirculation regions, vortex structures, stagnation regions, and residence time
of fluid particles, by processing CFD analysis results [30–41]. This is achieved by tracking
the paths of the fluid particles. For example, the use of the Lagrangian coherent structures
(LCS) technique can provide differences in the flow structures caused by aortic stenosis.
We compared 2D aortic valve models with different Young’s moduli for the leaflets in
our previous work, considering healthy and calcified cases using LCS analysis [30]. Once
backward and forward finite-time Lyapunov exponent (FTLE) results were obtained from a
2D CFD model, unique vortex structures were determined around the valvular regions for
different Young’s moduli [30]. The jet flow area at the aortic valve can be calculated more
accurately with LCS analysis based on the patient-specific different stenosis scenarios, and
the effectiveness of the existing clinical methods can be improved [31]. In another study,
LCS analysis was performed with the data obtained from the experimental model of the
heart. Direct flow (DF), delayed ejection fraction (DEF), and retained flow (RF) structures
in the heart were determined using backward FTLE and Lagrangian particle residence
time (PRT) analysis [32]. These studies showed that LCS is a powerful approach to analyze
complex flows such as aortic valve flow accurately. Such assessments are clinically crucial
to understand the progression of cardiac diseases under disturbed flows.

In this study, we concentrated on investigating disturbed flow dynamics by elucidating
3D CFD flow domains of healthy, mildly, and severely calcified aortic valve models using
LCS analysis. We improved the aortic valve model presented in reference [5] to a 3D state
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considering the patient-specific parameters determined via B-mode echocardiography
images. Highly dynamic valve flow is inherently a 3D phenomenon, and it requires
adaptation of 3D geometries for determining the accurate flow structures. In the present
study, three different Young’s moduli were defined as the leaflet material to mimic the
level of calcification in the valve. Once time-dependent velocity vectors were obtained
from the CFD results, FTLE computations, along with Lagrangian PRT analysis, were
performed both in forward and backward directions to identify vortex structures and fluid
recirculation zones at the front and backside of the leaflets.

2. Materials and Methods

A two-way coupled FSI approach was employed to model the complex dynamic
motion of the leaflets and the altered hemodynamics. The fluid and solid domains were
modeled separately, and the solutions were coupled at the interaction boundaries using
the system-coupling module of ANSYS Workbench 19.2 (Canonsburg, PA, USA). The
fluid domain was modeled using ANSYS Fluent to determine the solution field of the
flow velocity and pressure. The solid domain was modeled using the ANSYS transient
structural module to simulate the leaflet deformations.

2.1. Model Geometry

Parametric dimensions were used as in a previous study [5], and were generated based
on the medical images of an adult. Echocardiography imaging (GE Vivid 7 ultrasound
machine) was performed to define the dimensions of the geometry using short-axis B-mode
images providing the cross-sectional view of the aortic valve. In the model, patient-specific
local curvatures of the valve were neglected to obtain a smoothed geometry. The aortic
root diameter was measured as 18 mm and modeled with an ideal circular cross-section.
Three identical aortic sinuses with spherical configurations were modeled with a diameter
of 14 mm and placed at the backside of the leaflet attachment locations. Valve leaflets were
modeled with a uniform thickness of 0.4 mm [42]. The aortic valve model employed in the
computational analysis is presented in Figure 1.

Figure 1. Cont.
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Figure 1. (a) 3D aortic valve model. The grey surface is the cross-sectional plane in the longitudinal direction. The arrows
show the direction of flow at the inlet and outlet. (b) 2D view of the cross-sectional plane. Only the top half of the model
is shown due to the symmetry. The dashed line represents the symmetry line. (c) Boundary conditions shown on the
cross-sectional plane. (d) Transient inlet velocity profile of the blood flow. (e) Mesh of the fluid domain. (f) Mesh of the
solid domain.

2.2. Boundary Conditions

The inlet velocity profile of the aortic valve was determined via pulsed Doppler
measurements and applied as a plug flow at the inlet boundary [5]. The transient inlet
velocity profile is provided in Figure 1d. The outlet of the model was assigned as a zero-
pressure boundary. The neighboring surfaces of fluid and solid domains around the leaflets
were modeled as FSI boundaries. Aortic root and aortic sinuses were modeled as rigid,
and only the leaflets were deformable in the valve model. The surfaces of the aortic root
and aortic sinuses were set as wall boundaries. At the FSI and wall boundaries, a no-slip
boundary condition was applied, since the fluid particles were stagnant, and there was
no flow velocity on these surfaces. In Figure 1c, the boundary conditions are shown on a
representative cross-sectional plane. The solutions were obtained for one complete cardiac
cycle. A total of 400 time steps were employed with 0.0025 s increments. For the stability
of the flow analysis, the CFL (Courant–Friedrichs–Lewy) condition can be checked [43].
The Courant number, which is a measure to define the time step length in the analysis,
is recommended to be equal or less than 1 in order to resolve the tiny eddy scales in the
domain. The Courant number is defined as U(∆t)/∆h, where U is the magnitude of the
flow velocity, ∆t is the incremental time step, and ∆h is the dimension of the mesh element.
In our flow analysis, the Courant number reached 10 for the peak flow instant. Since we
employed a time-averaged turbulence (k-ε) model, the high value of the Courant number
greater than 1 could be compensated for the stability.

It should be noted that assuming zero pressure at the outlet is a primitive modeling
approach, and it neglects the flow resistance of the arteries in the body. As a more realistic
boundary condition, prescribed pressures changing with time can be assigned at the outlet,
and these prescribed pressures can be determined using lumped parameter models [44].
The lack of outlet pressure results in higher peak velocities in the problem domain, leading
to increased forces and opening rates on the valve leaflets. Since the valve leaflet opening
rates in our computational results were validated with echocardiography images, the zero-
pressure outlet condition was used in further computational analyses due to its simplicity.

The solid and fluid domains were composed of 11,435 and 354,614 tetrahedral elements
for the generated mesh, respectively. Mesh density was relatively increased around the
regions that were close to the FSI and wall boundaries to improve the accuracy of the
solution, as presented in Figure 1. Four inflation layers with a growth rate of 1.2 were used
for the development of accurate boundary layers on the walls and FSI boundaries. The
minimum, maximum, and average skewness of the mesh were 0.000639, 0.892, and 0.226,
respectively. The minimum, maximum, and average orthogonal quality of the mesh were
0.107, 0.995, and 0.773, respectively. The convergence issues of the FSI coupling procedures
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limited the use of a finer mesh, and all computational analyses were performed using the
mesh presented in Figure 1. The maximum and average characteristic lengths of the mesh
were 0.945 mm and 0.262 mm, respectively, with a standard deviation of 0.175 mm.

2.3. Governing Equations in the Fluid and Solid Domains

The continuity and Navier–Stokes equations were solved for the incompressible flow
domain as given in Equations (1) and (2), respectively. In Equation (1), v is the flow velocity
vector. In Equation (2), ρf is the fluid mass density, w is the velocity vector of the fluid
domain depending on the FSI based geometric changes, and τf is the fluid stress tensor.

∇ · v = 0 (1)

ρf
∂v
∂t

+ ρf(v−w) · ∇v−∇ · τf = 0 (2)

Fluid stress tensor can be defined as given in Equations (3) and (4), where p is the flow
pressure, δij is the Kronecker delta, µ is the dynamic viscosity of the fluid, and εij is the
strain rate.

τf = −pδij + 2µεij (3)

εij =
1
2

(
∇v +∇vT

)
(4)

The shear strain rate was above 50 s−1 for the large arterial diameters; therefore, the
blood could be modeled as a Newtonian fluid with a constant dynamic viscosity of 3.5 cP.
For the shear strain rate beyond 50 s−1, the blood behaved as a homogeneous fluid with
almost constant viscosity due to the high shear environment [5,45]. The mass density of
the blood was used as 1056 kg/m3 [8].

For modeling the turbulent behavior of the flow, a realizable k-εmodel was employed,
which provided high accuracy in the problems with circulatory flows and flow separa-
tion [46]. Realizable k-ε is a Reynolds-averaged Navier–Stokes (RANS) turbulence model
based on statistical averaging. The “realizable” term indicates that the model satisfies
constraints on the Reynolds stresses in accordance with the physics of turbulent flows.
Large eddy simulation (LES) or direct numerical simulation (DNS) approaches can be
performed for enhanced accuracy. DNS can resolve even the smallest eddies in the flow.
LES computes the largest eddy scales and models the small scales. In order to capture the
smallest eddies in the flow, the element dimensions in the mesh should be in the order
of Kolmogorov scale (η). In Equation (5), the Kolmogorov scale is defined in terms of
Reynolds number (Re) and characteristic length (L), which was the aortic root diameter
in our problem [43]. The maximum Re reaches 5000 at the peak systolic phase of the flow.
According to this peak Re value, the Kolmogorov scale is calculated as 0.03 mm, which
requires high computational power. Due to our computational power limitations, we
employed a RANS-based realizable k-ε turbulence model. Standard wall functions were
used at the proximity of the wall and FSI boundaries to model the physical behavior in the
viscous boundary layers accurately. The value of y+ in the flow analysis is recommended
to be within the range of 30 to 300 for the proper functioning of the wall functions used in
the k-ε turbulence model.

η = Re−3/4L (5)

A transient pressure-based flow solver was employed in ANSYS Fluent due to the
incompressible nature of the flow. For the pressure-velocity coupling, the SIMPLEC
solution scheme was used with no skewness correction. In this solver, the velocity field
was determined from momentum equations, and the pressure field was obtained from a
pressure correction equation, which was obtained by using the momentum and continuity
equations. The second-order upwind scheme was used for the momentum, and the first-
order upwind scheme was used for the turbulent kinetic energy and turbulent dissipation
rate. The residual of the continuity equation was used as 10−5 for the solution convergence.
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In the solid domain, the momentum conservation is the governing equation, as
provided in Equation (6), where τl is the stress tensor of the leaflets, ρl is the mass density
of the leaflets, and al is the acceleration vector of the leaflets.

∇ · τl = ρlal (6)

A linearly elastic material model was employed in the solid domain with a uniform
elastic modulus depending on the level of the valve calcification. For the healthy aortic
valve, an elastic modulus of 1 MPa was employed. In the case of mild and severe calci-
fication, the increased leaflet stiffness was modeled using elastic moduli of 10 MPa and
20 MPa, respectively [5]. A constant mass density of 1100 kg/m3 [9] and Poisson’s ratio of
0.45 [23] were employed for the healthy and calcified leaflets.

2.4. FSI Coupling

The dynamic motion of the leaflets is directly influenced by the hemodynamic forces
in the fluid domain. Similarly, the deformed state of the leaflets changes the geometry of the
fluid domain, indicating a strong coupling between the fluid and solid domains. Therefore,
an implicit 2-way FSI coupling approach was adapted to accurately represent the strong
interaction between the fluid and solid domains [47,48]. The vector w defined in Equation
(2) represents the fluid state vector, and it is obtained by strong (implicit) synchronous
coupling. FSI boundaries on the fluid and solid domains were perfectly matched to avoid
any misalignment. The fluid domain was remeshed at each new time step to conform to
the new deformed state of the leaflet and prevent any convergence problems related to the
degenerative cells with negative volumes. For this purpose, spring-based smoothing and
remeshing algorithms available in ANSYS Fluent were employed. For the mesh smoothing
parameters, the spring constant factor was set as 0.01 with a convergence tolerance of
0.001. For the remeshing parameters, minimum and maximum length scales were set at
0.00127 m and 0.01983 m, with a maximum cell skewness of 0.95. In the case of large
structural deformations, new fluid cells were added to the fluid mesh depending on the
minimum mesh size criteria. The solution-coupling process between the solid and fluid
domains was performed while considering the displacement compatibility and traction
equilibrium as provided in Equations (7) and (8), where dl and df are the solid and fluid
displacement vectors, respectively; and n̂l and n̂f are the unit normal vectors in the solid
and fluid domains, respectively [49].

dl = df (7)

τl · n̂l = τf · n̂f (8)

During the data transfer between the fluid and solid domains, the under-relaxation
factor was set at 1 in order to guarantee that the entire force generated due to the blood
flow was fully transferred to the solid domain. The root mean square (RMS) convergence
target was set as 0.01, and no ramping was applied. Without the use of ramping, the full
data transfer value was applied to the target side of the FSI interface during all coupling
iterations. At each time step, three FSI iterations were performed for the data transfer.

2.5. Finite-Time Lyapunov Exponent (FTLE) Analysis

The computation of the FTLE field is the most common approach for observing LCS.
The FTLE field is a scalar quantity map, which is a measure of the maximum separation
ratio between the adjacent particle orbits near each point and is calculated at each point in
a computational volume [33]. LCS can be effectively identified when the FTLE fields are
calculated by considering the positions of the particles forming the flow relative to each
other. LCS can also be seen as equivalent-size structures that maximize FTLE size [50–52]. In
this study, FTLE fields were calculated by using the velocity results and location information
obtained from a plane passing over the centerline of the 3D aortic valve geometry, as seen
in Figure 1c. Shadden et al. provided more information on the LCS approach; indeed,
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the LCS technique was briefly discussed here to illustrate how FTLE fields were obtained
for the sake of completeness [51]. The velocity field v(x, t) is obtained by solving the
Navier–Stokes equations, in which particle velocity changes with position and time. The
positioning of each fluid flow particle as a function of time is thought to be governed by:

.
x(t; t0, x0) = v(x(t; t0, x0), t)

x(t0; t0, x0) = x0
(9)

The changing position of the particle at different times gives the particle’s flow map.
The flow map is obtained by integrating Equation (9) from time t0 to time t0 + τ:

φ
t0+τ
t0

(x0) = x(t0 + τ; t0, x0) (10)

The FTLE is actually a scaling of the right Cauchy–Green strain tensor’s largest
eigenvalue. The exponential rate of separation of nearby trajectories, which is a typical
characteristic of chaos, is measured by FTLE. FTLE is defined as:

σ(x0, t0, τ) =
1

|τ− t0|
ln
√
λmaxC(x0, t0, τ) (11)

where λmaxC(x0, t0, τ) represents the maximum eigenvalue of the Cauchy–Green strain
tensor C(x0, t0, τ). Equation (12) represents the right Cauchy–Green strain tensor, which
has a finite-time variant:

S(x, t, τ) =
(

dφt+τ
t (x(t))
dx(t)

)T(dφt+τ
t (x(t))
dx(t)

)
(12)

LCS is high-FTLE curves in 2D flows and high-FTLE surfaces in 3D flows [53]. Disper-
sion in forward time can be seen in the areas surrounding the inflowing manifold. Forward
FTLE can be used to receive repelling LCS when τ > 0. Dispersion in backward time can be
seen in the areas surrounding the outflowing manifold. Backward FTLE can be used to
receive attracting LCS when τ < 0.

The particle movements in the computational domain were examined using the PRT
method to interpret the LCS analysis results in more detail. Briefly, PRT is a discrete
approach used to calculate residence time using particle orbit data. In this approach,
massless particles are added into the boundary used in the flow analysis, and these particles
are allowed to advance with fluid velocity magnitudes at their locations. PRT measures the
amount of time it takes for particles to exit the predefined region and reach the time-varying
starting location of the released particle. The positions of these particles are determined
using the directions of the velocity vectors obtained by the flow analysis and the time step
used in the flow analysis [34].

PRT(x0, t0, Γ) = min(τ) ∈ (0, ∞)s.τ.x(x0, t0 + τ) /∈ Γ (13)

In Equation (13), x0 is the particle’s initial position, Γ is a region of interest, and the
tracer position governs with x(τ) = x(t0) +

∫ τ
t0

u(x(s), s) ds.
In this study, 104,291 particles were added to the boundary of the computational

volume in every 10 time steps, and the flow of particles was examined. Thus, the PRT
method provided information about the formation of the FTLE fields so that the flow
hemodynamics resulting from the aortic valve motion could be better understood. In the
present study, forward and backward FTLE, as well as the PRT fields, were evaluated for
every 0.025 s time-step size and for the total duration of 1 s time length. The solution
domain was chosen from−0.0271 to 6× 10−5 m in the horizontal and−0.01093 to 0.01133 m
in the vertical directions to include both upstream and downstream in the domain. The
element size for the computations was selected to be 0.7 × 10−4; therefore, a resolution of
388 × 318 elements was employed for the analysis.
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3. Results
3.1. Flow Streamlines and Pressure Contours

The same inlet velocity profile was applied in all cases; however, peak valve orifice
velocities were observed at different time points, indicating a certain time lag. For the
healthy valve, peak orifice velocity was obtained as 2.25 m/s at the instant of 0.17 s. Peak
orifice velocities were determined as 3.71 m/s and 3.82 m/s at 0.22 s and 0.25 s for the mild
and severe calcifications, respectively. The increase in the peak velocity reached 60% in the
case of leaflet calcification, consistent with previous findings [5]. 3D flow streamlines are
provided in Figure 2 for healthy, mildly calcified, and severely calcified models, demon-
strating a laminar flow regime at the upstream of the valve. After passing over the leaflets,
flow behavior turned into a turbulent and chaotic form at the downstream. High-velocity
jet flow occurred at the valve orifice, and as a result of limited leaflet deformation, the total
duration of jet flow increased with increasing calcification. This showed that calcification
increased the peak velocity and resulted in circulatory flows in the aortic sinuses. The level
of turbulence was directly increased with the increasing calcification rate.

Figure 2. Velocity streamlines on the 3D aortic valve model. The configuration of the maximum
valve opening for the healthy aortic valve is given at the bottom of the figure.

Similar conclusions can also be drawn from the pressure values in the aortic sinuses.
The pressure differences with the outlet boundary are presented in Figure 3. The outlet
boundary pressure was used as a reference and was set to zero. The pressure differences
were plotted on the longitudinal cross-sectional plane for the selected fluid particles. There
was a suction region in the aortic sinuses with negative pressure values compared to the
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outlet boundary pressure. As the calcification level increased, the negative pressure reached
about −400 Pa. For the healthy valve, the amplitude of negative pressure was highest only
around the tip of the leaflets. In the case of mild calcification, a high negative pressure
amplitude spread over a wider region. On the other hand, for a severely calcified aortic
valve, high negative pressure dominated almost the entire aortic sinus, with a value of
around −400 Pa. These results indicated that the flow hemodynamics were significantly
altered in the case of aortic valve calcification.

Figure 3. Pressure on the selected fluid particles for healthy, mildly calcified, and severely calcified
aortic valves. The results are shown on the top half of the cross-sectional plane given in Figure 1.
The flow was from right to left. The values presented are pressures relative to the valve outlet. The
pressure was set to zero at the outlet boundary.
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3.2. FTLE Analysis Results

In this study, FTLE analyses were performed for a total of a 1 s cardiac cycle as a
result of 400 time steps, each of which took 0.0025 s. FTLE fields can be obtained in two
different ways as backward and forward FTLE fields. The backward FTLE velocity vectors
are integrated backward in time to form an unstable manifold, while the forward FTLE
velocity vectors are integrated forward in time to create a stable manifold. Specifically,
backward and forward FTLE fields in the present study were computed by taking integrals
of velocity vectors in the backward direction, starting from 1 s to 0 s, and in the forward
direction starting from 0 s to 1 s. As a result, the first time step in the normal flow
corresponded to the 400th time step in the backward FTLE analysis, since the calculations
were made from the last step in the backward FTLE analysis to the first step in the direction
of the inlet boundary [51]. To be more specific, backward FTLE analysis could provide
information about the future of the fluid flow while showing the flow structures and
boundary regions formed by the flow that passed through the valve from the last time step
to the first time step.

On the other hand, the 330th to 300th time step in the backward FTLE analysis
corresponded to the 70th and 100th time periods in the forward FTLE analysis. Moreover,
the forward FTLE analyses were resolved simultaneously with the normal flow time; that is,
the analyses used the velocity vectors in the forward time steps starting from the 70th to the
80th time step. It should also be noted that the flow particles in the forward FTLE analysis
did not enter the aortic valve, and the flow inside was pulled out from the computational
domain. It can also be thought that this happened by reversing the direction of all vectors
that made up the flow. For this reason, the direction of the flow moved from left to right
in the forward FTLE analysis results. Therefore, the forward FTLE provided information
about the flow before the fluid started to move. For example, in the backward FTLE
analysis results, the flow structure information passing through the valve at later times
could be obtained, while forward FTLE analysis could provide the flow at the earlier times
that would eventually enter the valve later.

Figure 4 shows the results of the time evolution of the instantaneous backward FTLE
analysis for healthy, mildly calcified, and severely calcified aortic valves. In the FTLE
analysis, the velocity and position data were obtained between the 300th and 330th time
steps. This covered the duration when the aortic valve began to close from the maximum
opening. This analysis was useful to examine the effect of the movements performed by
the aortic valve leaflets during the opening–closing process and the LCS regions formed
due to these movements. In these graphs, the FTLEs are color-coded, and red lines indicate
material line structures in which fluid particles could not cross these red lines during fluid
flow. In the 300th FTLE field, the red arrows show the direction and aortic valve openings
of the blood flow entering the valve, while the aortic valve openings were calculated as
9.50 mm, 4.85 mm, and 3.70 mm for the healthy, mildly calcified, and severely calcified
aortic valves, respectively. These effective orifice areas matched well with the simulation
results. Green, blue, purple, and black arrows show blood flow in different flow regions.
When these arrows are examined, it should be understood that arrows of the same color
point to similar flow regions for the healthy, mildly calcified, and severely calcified valves.

The region indicated by the number 1 arrow in the 300th FTLE, also marked by the
red FTLE lines starting from the end of the valves and continuing toward the exit, shows
the blood flow that passed the valve and went directly to the exit. While the 300th FTLE
field provides information about flow regime and boundaries, the PRT result for the same
time step reveals the amount of fluid particles past the aortic valve and residence time in
the flow domain. When the number 1 arrow in the healthy valve is examined, the blood
flow through the valve becomes laminar because the healthy valve was sufficiently opened
by decreasing flow velocity at that section, while the blood flow velocity through the valve
had to increase due to reduced area at the valve to ensure the conservation of mass for the
mildly and severely calcified valve cases. Therefore, a fluctuation, namely a turbulent flow
(seen by a zigzag path in the 330th to 300th FTLE fields in Figure 4), occurred from the tip
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of the valve toward the outlet for the calcified valves. The area indicated by arrow number
2 and the arrows in green shows the flow zone that passed right over the aortic valve and
entered the region between the valve and the vessel wall.

Figure 4. Backward finite-time Lyapunov exponent (FTLE) field plots of healthy (first column),
mildly calcified (second column), and severely calcified (third column) aortic valves.

When the 300th PRT was examined, it was seen that the reverse flow regions above
the healthy aortic valve were almost absent or very small. However, these regions were
more prominent in mildly and severely calcified valves. In other words, in the severely
calcified aortic valve model, the inlet opening of the reverse flow zone was higher than
in the mildly calcified valve model; therefore, a greater amount of blood could move
above the severely calcified aortic valve than above the mildly calcified valve. The regions
indicated by the number 3 arrow in the 300th FTLE field indicate the entrance boundary of
the vortex structures formed by the movement of the valves between the top of the valve
and the vessel wall, and the arrows in black indicate the movement of the vortex structures.
When looking at area number 3 in the 300th PRT, it was observed that the vortex formed
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between the valve and the wall could not be fed because the entrance between the valve
and the wall was partially closed. Finally, the FTLE lines formed by the vortex in the mildly
and severely calcified aortic valve were more pronounced than in the healthy one, which
showed that the reverse blood flow, indicated by the green arrows entering this region,
accelerated the vortex.

Starting from the first time step, backward FTLE PRT analyses were performed by
adding massless particles from the inlet to a solution domain every 10 time steps. The
reason for massless particles to be dispatched every 10 time steps was to better examine and
understand the FTLE regions formed between the valve and the vessel wall. In summary,
104,291 massless particles were released to the solution domain from the first time step.
Then, 104,291 particles were continued to be added to the solution domain in the same
manner every 10 time steps. Table 1 shows the number of particles added and remaining
during the FTLE analysis for healthy, mildly calcified, and severely calcified valves. When
all cases were examined, particles accumulated from less to more in the healthy, mildly
calcified, and severely calcified aortic valve models. The low number of particles indicated
that the residence time (RT) was small, and the valve could be sufficiently opened to allow
normal blood flow. When the number of particles in the healthy valve model at the 300th
step was taken as reference, 1.59 and 1.74 times more particles accumulated in the mildly
and severely calcified valves compared to the healthy valve, respectively.

Table 1. The number of particles in the solution domain for the backward FTLE PRT analysis.

Healthy Aortic Valve Mildly Calcified Aortic
Valve

Severely Calcified Aortic
Valve

400th step (added for the first time) 104,291 104,291 104,291
339th step (Total with readded particles) 261,418 398,350 434,337

330th step (remaining particles) 153,900 285,259 325,046
329th step (total with readded particles) 254,945 382,472 421,736

320th step (remaining particles) 155,146 268,018 305,521
319th step (total with re-added particles) 255,743 367,599 403,394

310th step (remaining particles) 165,389 276,347 309,397
309th step (total with readded particles) 263,070 376,494 407977

300th step (remaining particles) 185,322 295,500 323,787

Figure 5 shows the results of the forward FTLE and PRT analyses for the healthy,
mildly calcified, and severely calcified aortic valves. The forward FTLE and PRT analyses
were the results of the LCS analysis obtained by pulling back the velocity vectors obtained
as a result of CFD analysis starting from the last time period. In other words, the forward
FTLE and PRT analyses were obtained by drawing the fluid velocity vectors from the outlet
to inlet direction starting from the last time step. It was also noted that the result of the
300th time-step analysis in the backward FTLE corresponded to the 100th time step in
the forward FTLE. The regions between the inlet boundary in the 70th FTLE field and the
aortic valve entrance, surrounded by red FTLE borders starting from the tip of the valve
and continuing towards the inlet boundary region (shown with area number 1), indicated
the volume of flow that could enter the valve.

The 70th time step in the forward FTLE field shows the instant when the valve
opening was around the maximum state for all three studied cases. When these results
were examined, it was observed that almost all of the inlet volume in the healthy valve
could pass the aortic valve. It was noticed that the flow accumulated between the vessel
wall and the red FTLE line indicated by arrow number 2, since the entire volume of the flow
could not exceed the valve in the mildly and severely calcified valve models. When regions
1 and 2 were examined together, it was also noted that the flow was laminar in the healthy
valve model, whereas the blood velocity reached high speeds at the valve exit of mildly
and severely calcified aortic valve cases to satisfy mass conservation, causing fluctuating
behavior (the zigzag path in the 330th to 300th FTLE fields in Figure 4) at the downstream.
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Figure 5. Forward finite-time Lyapunov exponent (FTLE) field plots of healthy (first column), mildly
calcified (second column), and severely calcified (third column) aortic valves.

The directions of the vortex structures formed in the regions indicated by the number
3 arrow in the 70th FTLE field were the opposite of the vortex structures formed in the
backward analysis. In other words, the vortex in the backward FTLE analysis results was
counterclockwise, while the vortex in the forward FTLE analysis was clockwise. This was
because the backward FTLE analysis flow passed the valve from right to left. In the forward
FTLE analysis, since the flow was moved from left to right; that is, backwards, the vectors
appeared to be in the opposite direction. When the region indicated by the number 3 arrow
in the 70th FTLE field was examined, it was observed that the vortex structure did not
form yet in this region for the healthy aortic valve. On the other hand, the formation of
this structure had been completed for the mildly calcified valve, while this structure had
continued to occur for the severely calcified valve model.

The region indicated by arrow number 4 on the 70th FTLE field shows the boundary
region that separated the area between the valve and the vessel wall from the mainstream.
Since this region was completely closed for the healthy valve, the area indicated by arrow
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3 was separated from the other regions, and the vortex structure could not be formed due
to the absence of a continuous flow to this area (i.e., the region indicated by the arrow 3).
This area in the healthy valve was more stagnant compared to the mildly and severely
calcified aortic valves. It was seen that this zone was partially closed in the mildly calcified
valve; however, the flow that entered the area indicated by number 3 previously formed
the vortex structure due to the late closure of the area represented by number 4 in the 70th
FTLE field. When the hemodynamics in the mildly calcified valve was compared with
the healthy valve, the high kinetic energy flow in the region indicated by number 3 of the
mildly calcified valve caused elongation in the length of the forming vortex.

Since the entrance to the region represented by number 4 of the severely calcified
aortic valve was not closed, this was the continuous flow coming into this region, as shown
in the 70th FTLE field. The vortex structure formed in the severely calcified valve was
shorter than the mildly calcified valve, since region number 3 could not reach stagnation
for the severely calcified aortic valve. A red-colored manifold did not form in the region
indicated by the number 3 in the healthy valve model in Figure 5, where the forward
FTLE field results are presented, which indicated that fluid flow was stationary (no vortex
formation). This is also supported by the results of the backward FTLE field because the
blood flow at the back of the healthy valve was interrupted, and the blood flow in this
region was slow. On the other hand, when the number 3 region was examined in the mildly
and severely calcified valve models, it was observed that the blood flow was fast behind
the valve, and the vortex was formed by the valve movement. Both backward and forward
FTLE field results clearly revealed the vortex formation in the mildly and severely calcified
valve models with red LCS lines. In addition, when the severely and mildly calcified valve
models were compared within themselves, the number 4 line on the mildly calcified model
prevented the flow that tended to enter the number 3 field. However, since line number 4
was not fully a material line (i.e., red-colored lines in FTLE fields generally behaved as a
material line) in the severely calcified valve model, it was understood that there was still
blood flow to region 3. Therefore, flow in the number 3 area in the severely calcified model
was more mobile than the flow in the same area in other models. When the PRT fields were
examined, high-density particles were represented by a stagnant flow, while low-density
particles were indicated by the presence of mobile flow. Thus, PRT areas could show us
the stagnant and moving flow areas between the aortic valve and the vessel wall, and the
changes in these areas could be better understood using the PRT results.

4. Discussion

One of the most difficult biomedical problems is the modeling of an aortic valve. Here,
while pressure and flow generated by the left ventricle deformed and moved the valve
leaflets, the leaflets swept inside the flow domain, generating complex flow movements.
During disease, valve leaflets become stiff and cannot open and close efficiently. Such a
nonfunctioning valve disturbs flow, as well as mass transport, through the valve.

Computational modeling provides valuable information in cardiovascular flows.
While the Eulerian approach provides instantaneous flow information, paths of the fluid
particles can be tracked and analyzed in the Lagrangian method. LCS can demonstrate
detailed flow analysis by merging flow velocities in backward and forward directions.
Particles’ future locations also can be determined from backward FTLE fields when their
initial positions are provided. Similarly, fluid particles’ initial positions (i.e., time = 0) can
also be identified from forward FTLE fields once the fluid particles’ velocities are known at
later times. Formation of flow structures and evolution of circulation zones at the valve site
can be clearly identified for healthy and calcified aortic valves in FTLE fields. Furthermore,
FTLE fields obtained in the present study only used velocity vector fields of the CFD model
without the aortic valve shape and location information. Therefore, LCS is a very powerful
technique to investigate flow dynamics through a diseased aortic valve.

LCS was utilized for aortic valve modeling previously by us and others [30]. Current
work advanced this approach by incorporating 3D FSI modeling and analysis of PRT fields.
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In the present study, to characterize flow dynamics through the aortic valve, the LCS
technique was employed in Eulerian velocity vectors retrieved from the CFD model to
obtain backward FTLE, forward FTLE, and PRT fields at the aortic valve site. Red-colored
lines in FTLE fields indicating material lines illustrated the formation of vortex structures
around the leaflet and opening distance of the aortic valve for healthy, mildly, and severely
calcified leaflet models. Once opening at the aortic valve could be accurately determined
from backward FTLE field results, it was noted that the opening of the severely calcified
valve was nearly 40% of the healthy valve’s opening. This implies that velocity at the
severely calcified valve can be 1.7 times higher than the velocity at the healthy valve
yielding fluctuations and transition to turbulent flow behavior. These types of fluctuations
can cause wear on already-calcified aortic valves; therefore, amplitude and direction of
fluctuations obtained from FTLE fields can be used to determine the life of a patient’s aortic
valve. Furthermore, PRT fields providing particle movements can identify locations of
dense particle regions at the valve site. Particle movements and eventually accumulations of
particles on the leaflet region can provide information on how and why pressure variation
occurs by identifying the physics of fluid motion for aortic leaflets. A change in particle
movements for healthy, mildly calcified, and severely calcified leaflets can be used to
understand how calcification affects blood flow at the region between the aortic valve and
vessel. Distinct flow regions characterized by vortices were easily identified with LCS in the
analysis (Figure 4). Decreased leaflet movement due to calcification resulted in backflow
regions within the sinuses, which was not present in healthy leaflets. Deteriorated leaflet
movements also caused a decreased mass flow rate, as seen in Table 1. On the other hand,
a difference in flow structures of mildly and severely calcified leaflets was identified, and
particle density provided stagnant and mobile fluid flow zones at the aortic valve site
(Figure 5).

In conclusion, the LCS technique, once used with the Eulerian approach, is a very
powerful approach to examine unsteady flow phenomena. In this work, we applied this
approach to investigate disturbed flow dynamics in aortic valve disease. We were able
to identify distinct stagnant and circulatory flow regions, which would not be possible to
identify with pure Lagrangian or Eulerian approaches. Decreased fluid transports were
also revealed with calcified leaflets.

5. Limitations

In this study, we employed the LCS technique using FTLE computations and La-
grangian PRT analysis both in forward and backward directions to investigate the complex
flow regions in the healthy and calcified aortic valves. Due to several limitations in our
model, further improvements are suggested for future studies. The 3D geometric model of
the aortic valve can be improved by using multiple layers of patient-specific images for a
better resolution. The leaflets can be modeled as multilayered structures with hyperelastic
and anisotropic material properties [54]. Spatially heterogeneous calcific deposits can also
be modeled with the help of medical imaging techniques [9,55]. The blood can be modeled
as a non-Newtonian fluid with varying viscosity depending on the shear environment [56].
The aortic root and aortic sinuses can be modeled as deformable structures with elastic
material properties. Nevertheless, the obtained results provided insight into understanding
alterations in the aortic valve hemodynamics due to leaflet calcifications.
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